Efficient delivery of therapeutic RNA is the fundamental obstacle preventing its clinical utility. Lipid conjugation improves plasma half-life, tissue accumulation, and cellular uptake of small interfering RNAs (siRNAs). However, the impact of conjugate structure and hydrophobicity on siRNA pharmacokinetics is unclear, impeding the design of clinically relevant lipid-siRNAs. Using a panel of biologically-occurring lipids, we show that lipid conjugation modulates siRNA hydrophobicity and governs spontaneous partitioning into distinct plasma lipoprotein classes in vivo. Lipoprotein binding influences siRNA distribution by delaying renal excretion and promoting uptake into lipoprotein receptor-enriched tissues. Lipid-siRNAs elicit mRNA silencing without causing toxicity in a tissue-specific manner. Lipid-siRNA internalization occurs independently of lipoprotein endocytosis, and is mediated by siRNA phosphorothioate modifications. Although biomimetic lipoprotein nanoparticles have been considered for the enhancement of siRNA delivery, our findings suggest that hydrophobic modifications can be leveraged to incorporate therapeutic siRNA into endogenous lipid transport pathways without the requirement for synthetic formulation.
Introduction
For over a decade, the underlying obstacle preventing the widespread clinical use of small interfering RNA (siRNA)-based therapies has been efficient and safe in vivo delivery. siRNAs are large (~14 kDa), polyanionic macromolecules that require extensive modifications to improve their inherently-poor pharmacological properties (e.g. plasma half-life of <5 min before renal excretion) 1, 2 . Lipid-and polymer-based nanoparticles, which are effective transfection agents in vitro, can prolong circulation time and improve stability and bioavailability in vivo. However, nanoparticle delivery is typically limited to clearance organs with fenestrated and/or discontinuous endothelium (e.g. liver, spleen, and certain tumors). Moreover, nanoparticles can interact with opsonin proteins that enhance clearance by macrophage phagocytosis.
Molecular-scale delivery of siRNAs with small targeting ligands, cell-penetrating peptides, or lipid conjugates may be a simple and effective alternative to nanocarrier-based methods. The most clinically-advanced siRNA conjugate, trivalent N-acetylgalactosamine (GalNAc)-siRNA, binds to the asialoglycoprotein receptor on hepatocytes with high selectivity, and triggers potent and durable (~6 months) gene silencing in patients 3, 4 . The second major class of molecular siRNA conjugates are lipids, which have been shown to enhance circulation time and promote local and systemic delivery and efficacy. Cholesterol-modified siRNA, one of the first reported lipid conjugates, silences liver apolipoprotein B (ApoB) expression at high doses (50 mg kg -1 ), while α-tocopherol and fatty acid conjugates have also shown potential for liver delivery and gene silencing [5] [6] [7] . Productive internalization of cholesterol-conjugated siRNAs hinges on its interactions with circulating lipoproteins and tissue receptors 6 . However, the relationship between the chemical composition of lipid conjugates and siRNA pharmacology has not been characterized.
In order to define design parameters for optimizing therapeutic oligonucleotide delivery, we investigated the influence of structurally diverse lipids on conjugate-mediated siRNA biodistribution, efficacy, and safety in vivo. These studies were enabled by the use of a clinicallyvalidated, chemically-modified siRNA scaffold that is nuclease resistant and metabolically stable 8 . Here, we demonstrate that lipid conjugation modulates the hydrophobicity of hsiRNA. We present evidence suggesting that oligonucleotide hydrophobicity governs pharmacokinetic behavior by driving selective, in situ incorporation into endogenous lipoprotein pathways. Lipid modification also enables potent siRNA-mediated mRNA silencing in lipoprotein receptorenriched tissues, including liver, adrenal gland, ovary, and kidney. These data suggest that hydrophobicity likely directs the rank-order tissue distribution of lipidic oligonucleotide conjugates that may otherwise be intended to be specifically receptor-or cell-targeting.
Results

Design and synthesis of structurally-diverse lipid-hsiRNA conjugates
To evaluate the impact of lipid conjugation on the pharmacological properties of oligonucleotides, we synthesized a panel of structurally diverse conjugates using a hydrophobically-modified siRNA scaffold, termed hsiRNA ( Fig. 1a, b) [9] [10] [11] . This scaffold consists of a 20-nucleotide (nt) antisense (guide) strand and a 15-nt sense (passenger) strand, and contains alternating 2′-O-methyl and 2′-fluoro sugar modifications 12 . The 5′-end of the antisense strand bears a terminal (E)-vinylphosphonate modification that increases siRNA tissue accumulation, extends the duration of silencing activity, and shields oligonucleotides from 5′-to-3′ exonucleases 13 . The terminal nucleotide backbones are fully phosphorothioated to further inhibit exonuclease-mediated degradation and to promote cellular internalization 14 . These extensive modifications are essential for evaluating conjugate-mediated delivery in vivo because partially-modified or unmodified siRNAs are rapidly degraded and cleared 8 .
Previous studies have identified the 3′-end of the sense strand as an optimal position for conjugate attachment, with minimal effect on siRNA-RISC (intracellular RNA-induced silencing complex) loading 9, 15 . Therefore, we designed cholesterol (Chol), lithocholic acid (LCA), docosahexaenoic acid (DHA), and docosanoic acid (DCA) conjugates to attach through a commercially available carbon-based linker to the 3′-end of the sense strand via an amide bond ( Fig. 1a) . Following standard solid-phase oligonucleotide synthesis and deprotection protocols (see Methods), hsiRNA conjugates were synthesized on a functionalized solid support bearing each individual lipid moiety. Synthesized oligonucleotides were then purified and characterized by high-performance liquid chromatography (HPLC) and liquid chromatography-mass spectrometry (LC-MS), respectively. All oligonucleotide sequences and chemical modification patterns used in this study are reported in Supplementary Table S1 .
To evaluate the impact of lipid conjugation on hsiRNA hydrophobicity, we analyzed Chol-hsiRNA, DCA-hsiRNA, DHA-hsiRNA, LCA-hsiRNA, and unconjugated hsiRNA by reverse-phase HPLC and measured retention times (Fig 1c) . Here, a longer retention time correlates with greater affinity for the hydrophobic (C8) stationary phase. Unconjugated hsiRNAs eluted relatively quickly (5.7 min), followed by LCA-hsiRNA (7.7 min), DHA-hsiRNA (8.5 min), DCA-hsiRNA (11.1 min), and Chol-hsiRNA (11.5 min). This result indicates that DCA-and Chol-hsiRNAs are more hydrophobic than DHA-, LCA-, or unconjugated hsiRNAs. Retention times did not directly correlate with the predicted partition coefficients of the free lipids ( Supplementary Table S2 ), suggesting that lipid orientation and conjugation position influence overall siRNA hydrophobicity.
To assess the effect of lipid conjugation on RISC loading and siRNA silencing efficiency in vitro, we transfected each lipid-hsiRNA into HeLa cells and measured mRNA levels of a wellvalidated housekeeping gene, cyclophilin B (PPIB) ( Fig. 1d) . Calculated half-maximal inhibitory concentrations (IC 50 s) ranged from 4.9x10 -11 to 1.2x10e -10 M, confirming that conjugation at the 3′-end of the sense strand does not substantially affect RNAi potency (Fig.  1e) . In summary, we successfully synthesized a panel of lipid-hsiRNA conjugates with varying degrees of hydrophobicity that retain gene silencing activity in vitro.
Lipid conjugation reduces hsiRNA kidney exposure and promotes broad biodistribution
To evaluate the biodistribution of each lipid-hsiRNA conjugate in vivo, we administered Cy3-labeled lipid-hsiRNAs into mice by a single, subcutaneous injection (n = 2, 20 mg kg -1 ) and measured fluorescence distribution after 48 h. As lipid-hsiRNA hydrophobicity increased, we observed a clear, progressive reduction in kidney accumulation and an increase in liver retention ( Fig. 2a) . We confirmed this result using a peptide-nucleic acid (PNA) hybridization assay, 
Phosphorothioate which measures hsiRNA antisense strand concentration in tissue lysate by HPLC. Unconjugated hsiRNAs were subject to acute renal clearance after administration and reached peak tissue concentrations of ~1,300 ng hsiRNA/mg kidney ( Fig. 2b) . As lipid-hsiRNA hydrophobicity increased, kidney accumulation decreased over 18-fold (peak concentration of ~70 ng hsiRNA/mg kidney for Chol-hsiRNA). Our findings agree with previous pharmacokinetic analyses of lipid-conjugated hsiRNAs, which found that the initial distribution half-life of Chol-hsiRNA was 33-35 min, but was only 15-17 minutes for unconjugated hsiRNA 16 . Moreover, the total exposure over time (area under the curve; AUC) increased >10-fold for Chol-hsiRNA compared to unconjugated hsiRNA (unpublished data) 16 . Unlike the kidney, oligonucleotide concentrations in the liver increased with increasing hydrophobicity of the lipid conjugate (~75 ng mg -1 for unconjugated hsiRNA up to ~715 ng mg -1 for Chol-hsiRNA). Lipid conjugation also enabled delivery beyond the liver and kidney, supporting conjugate-mediated siRNA accumulation in lung, heart, adrenal gland, spleen, adipose tissue, and femoral muscle ( Fig. 2b) .
Hydrophobicity governs the interaction between lipid-hsiRNAs and serum proteins
To investigate potential mechanism(s) governing the association between lipid-siRNA hydrophobicity and biodistribution, we measured the affinity of lipid-siRNAs toward plasma constituents both in vitro and in vivo. Binding to albumin, a permissive host for both endogenous and exogenous ligands 17 , has been proposed to improve the pharmacokinetics of lipid-conjugated oligonucleotides 7 . Thus, we measured the affinity of Cy3-labeled lipid-hsiRNAs and bovine serum albumin (BSA) in vitro using native gel electrophoresis ( Supplementary Fig. S1 ). Unmodified hsiRNA did not associate with BSA to any measureable degree. However, all lipid-hsiRNA conjugates formed stable complexes with BSA, and exhibited dose-dependent migration shifts with increasing albumin concentration. We observed a direct correlation between hsiRNA hydrophobicity and BSA binding, with DCA-hsiRNA and Chol-hsiRNA exhibiting the highest affinities (K d ~ 120 and 164 µM, respectively).
To more precisely characterize the behavior of lipid-conjugated siRNAs in the circulation, we used high-resolution size exclusion chromatography (SEC) to measure the interaction between oligonucleotides and circulating proteins in mouse serum. Previous reports have suggested that sterol-, bile salt-, and fatty acid-siRNAs are capable of associating with both albumin and lipoproteins in the bloodstream 6 . Thus, we used SEC to define relative size zones . 3a) . Peak assignments were confirmed by measuring cholesterol content in isolated fractions (Supplementary Fig. S2 ). Assessment of the serum SEC profiles of wild-type (FVB/NJ) male and female animals ( Supplementary Fig. S2 ) revealed no apparent sexdependent differences in lipoprotein peak assignment. Therefore, we performed subsequent analyses in female animals only.
To determine if lipid-hsiRNAs form stable complexes with lipoprotein particles or albumin in vivo, we first measured baseline retention times of free Cy3-labeled unconjugated and lipid conjugated-hsiRNAs (Fig. 3b) . The unbound forms of unconjugated hsiRNA, LCA-hsiRNA, and DHA-hsiRNA eluted at 62.9 min as a single peak. Unbound DCA-hsiRNA and Chol-hsiRNA eluted as a doublet, with peaks at both 62.9 min and 65.8 min. The presence of a doublet may reflect a propensity for these two hydrophobic species to form reversible macromolecular structures under non-denaturing conditions. Next, we analyzed serum samples from mice injected intravenously with Cy3-labeled Chol-siRNA, DCA-siRNA, DHA-siRNA, LCA-siRNA, or unconjugated siRNA (n=2, 20 mg kg -1 ). Given the average elimination halflives of Chol-hsiRNA and unconjugated hsiRNA 16 , we collected serum 15 minutes after injection. By monitoring the baseline shift in hsiRNA fluorescence signal, we determined that each lipid conjugate has a unique lipoprotein binding signature in vivo (Fig. 3c) . In direct contrast to our in vitro results, we discovered that lipid-hsiRNA conjugates do not significantly associate with albumin in serum, likely due to the presence of higher affinity chaperones, such as lipoproteins. Unconjugated hsiRNAs did not associate with any serum components and were rapidly excreted into the urine (Fig 2a, Fig. 3c ). LCA-hsiRNA associated predominantly with HDL (50.4% of total binding) and albumin (32.2%), with residual binding towards VLDL (12.2%) and LDL (5.3%). DHA-hsiRNA exhibited a stronger affinity for HDL (80.5%), with lesser co-migration with albumin (14.9%), LDL (3.7%), and VLDL (1%) peaks. Conversely, DCA-hsiRNA and Chol-hsiRNA were predominantly bound to LDL (65% and 82%, respectively), with residual binding to VLDL and HDL. Peak integrations ( Fig. 3c ) are summarized in Supplementary Table S3 .
To further investigate the similarity between the lipoprotein binding profiles and degree of hydrophobicity of siRNAs, we employed the same SEC methodology to analyze an expanded panel of lipid-hsiRNA conjugates. As described previously, we performed SEC-based profiling of lipoprotein-hsiRNA binding and plotted these data as a function of relative lipid-hsiRNA hydrophobicity ( Fig. 3d; Supplementary Table S3 ; Biscans et al., submitted). We observed a strong correlation between hsiRNA hydrophobicity and segregation into albumin, HDL, and LDL peaks. Our findings suggest that oligonucleotide hydrophobicity can be engineered to achieve predictable and stepwise partitioning into different lipid transport pathways in vivo.
Lipid-hsiRNAs elicit sustained systemic in vivo gene silencing after a single injection
Given that lipid-hsiRNAs predominantly complexed with circulating lipoproteins after systemic administration, we assessed the cell-specific distribution and gene-silencing efficacy of lipid-hsiRNAs in tissues that are enriched in lipoprotein receptors. For all tissues, cell-specific distribution of hsiRNAs was measured 48 h after a single, subcutaneous injection into mice (n = 3, 20 mg kg -1 ). Gene-silencing efficacy was determined by quantifying Ppib mRNA levels one week after a single, subcutaneous injection of Ppib-targeting hsiRNAs (n = 6, 20 mg kg -1 ).
Liver. LDL is the principal intercellular transporter of cholesterol, and LDL receptors (LDLR) are abundantly expressed on liver hepatocytes, adrenal cortex, bronchial epithelial cells, and adipocytes. We first monitored cell tropism in the liver and found that LDL-associated oligonucleotides (Chol-and DCA-hsiRNA) were readily visualized within cytoplasmic foci in liver hepatocytes (Fig. 4a, open arrows) , while HDLand albumin-associated hsiRNAs (DHA-, LCA-, and unconjugated hsiRNA) were undetectable (Fig. 4a, open  arrows) . By contrast, we did observe oligonucleotide internalization in Kupffer cells (stellate macrophages) for all five hsiRNAs (Fig. 4a, closed arrows) . This result is consistent with what is known regarding the mononuclear phagocyte (reticuloendothelial) system as a first response against exogenous substances, including siRNAs and antisense oligonucleotides. We confirmed our findings for Chol-hsiRNA, DCA-hsiRNA, and DHA-hsiRNA by FACS, noting hsiRNA accumulation in 28-59% percent of endothelial cells and 18-49% of Kupffer cells, respectively (n = 3, 10 mg kg -1 , Supplementary Fig. S3 ). Next, we correlated hsiRNA accumulation with Ppib mRNA levels. As expected, Chol-hsiRNA and DCA-hsiRNA displayed the highest activity, reducing liver Ppib mRNA expression by 59% and 65%, respectively (Fig. 4b) . Unconjugated hsiRNA reduced Ppib mRNA levels by 39% (Fig. 4b) . We did not observe a reduction in Ppib mRNA after administration of non-targeting control hsiRNAs (n = 6, 20 mg kg -1 , Supplementary Fig. S4 ). We also did not observe significant upregulation of liver toxicity biomarkers, alkaline phosphatase (ALP) and alanine aminotransferase (ALT), in the blood ( Supplementary  Fig. S5) .
Adrenal Gland. Circulating lipoproteins contribute over half of the cholesterol required for steroidogenesis in adrenocortical cells 18 . Therefore, we wanted to assess the pattern of lipid-hsiRNA distribution within the adrenal gland. As a general trend, higher levels of lipid-hsiRNA fluorescence were observed in the adrenal cortex compared to the medulla (Fig. 4c) . The sterol-conjugated hsiRNAs (Chol and LCA) presented the highest levels of internalization in the adrenal cortex (Fig. 4c) , and the strongest activity. Chol-hsiRNA silenced Ppib mRNA up to 37%, while LCA-hsiRNA reduced Ppib mRNA levels by 35% ( Fig.  4d) . DCA-, DHA-, and unconjugated hsiRNA showed lower levels of internal fluorescence in the adrenal cortex, and induced 24%, 15%, and 11% Ppib silencing, respectively (Fig. 4d) . Uterus. HDL is an integral component of the reverse cholesterol transport pathway, which transports lipids from extrahepatic tissues to the liver for excretion or recycling. Lipid transfer is commonly mediated by scavenger receptor B1 (SR-BI), which is highly expressed in liver sinusoidal endothelial cells, adrenal gland, ovary, and testis. Therefore, we monitored lipid-hsiRNA accumulation and activity within the uterus of female mice. DCA-, DHA-, LCA-, and unconjugated hsiRNAs showed punctate staining throughout the lamina propria, with minimal staining of the endometrial glands (Fig. 4e) . We measured significant levels of Ppib silencing for both DHA-hsiRNA (35%) and unconjugated hsiRNA (33%) in biopsies from the uterine horn (Fig. 4f) .
Kidneys. LCA-, DHA-, and unconjugated hsiRNAs were distributed similarly within the kidney cortex, staining both proximal and distal convoluted tubules (Fig. 4g) . Minor levels of fluorescence in the glomerulus were detected for all three conjugates, with DHA-hsiRNA showing the most profound staining within the Bowman's capsule (Fig. 4g, closed arrow) . Chol-hsiRNA and DCA-hsiRNA were detected primarily within proximal convoluted tubules (Fig.  4g) . After measuring Ppib mRNA levels in biopsies from the kidney cortex, we noted parallels between accumulation and activity, with unconjugated hsiRNAs showing the highest level of silencing (78%) (Fig. 4h) . We did not observe any variability in biomarkers of kidney toxicity, including blood urea nitrogen and creatinine levels (Supplementary Fig. S5 ). We also monitored other standard serum toxicological markers, including electrolytes (Ca 2+ , phosphate, Na + , K + ), albumin, globulin, bilirubin, and glucose, and saw no significant changes in total concentration after hsiRNA, DHA-hsiRNA, or DCA-hsiRNA treatment (Supplementary Fig.  S5) .
Taken together, these data suggest that lipid-conjugated hsiRNAs engage distinct lipid transport pathways and elicit gene silencing in a variety of tissues with minimal systemic toxicity. Interestingly, in some tissues, we observed a non-linear relationship between hsiRNA tissue accumulation and silencing efficacy, suggesting the presence of both productive and nonproductive internalization pathways. This has been described for phosphorothioate-modified antisense oligonucleotides, which are intrinsically more active in hepatocytes than in the nonparenchymal cells of the liver 19 . The observed discrepancy between levels of hepatocyte internalization after 48 h and mRNA silencing after 1 week may indicate translocation of hsiRNAs from sinusoidal depots into hepatocytes, or the presence of inherently more potent endocytic pathways in hepatocytes (Fig. 4a, b) . Whether this extends to the kidney or other tissues is unknown.
hsiRNAs are internalized independently of LDL recycling via the LDL receptor
To probe the dependency of hsiRNA internalization on lipoprotein receptor expression, we compared the systemic biodistribution of an LDL-associated hsiRNA (DCA-hsiRNA) and an HDL-associated hsiRNA (DHA-hsiRNA) in both wild-type and LDLR-deficient mice. We hypothesized that if LDL-associated hsiRNAs are dependent on LDL endocytosis for internalization, their biodistribution should be significantly perturbed by LDLR depletion. LDLR-dependent internalization into the liver has been described for both cholesterol-and αtocopherol-conjugated duplex siRNAs 6, 20 . We intravenously injected wild-type (C57BL/6J) and LDLR-deficient (LDLR -/-) mice with DHA-or DCA-hsiRNA and quantified tissue accumulation by PNA hybridization (n = 3, 10 mg kg -1 ). As expected, DHA-hsiRNA systemic distribution and tissue internalization remained unchanged between wild-type and LDLR -/animals ( Fig. 5a, blue  bars) . Unexpectedly, DCA-hsiRNA liver accumulation increased two-fold in the absence of LDLR (Fig. 5a, purple bars) . This finding suggests that LDL-associated oligonucleotides are internalized in the liver by a mechanism independent of lipoprotein endocytosis. To determine if the observed increase in liver accumulation was cell-type specific, we acquired high-resolution images of the liver following subcutaneous administration of Cy3-labeled DCA-hsiRNAs (n = 2, 10 mg kg -1 ). Hepatocyte fluorescence in LDLR -/mice was visibly increased compared to wildtype mice (Fig. 5b) . Image quantification revealed a two-fold increase in both cytoplasmic and nuclear fluorescence in mutant animals (Fig. 5c) . Taken together, these data suggest that hepatocyte internalization of LDL-associated hsiRNAs can occur independently of LDL endocytosis through LDLR.
hsiRNA hepatocyte internalization is facilitated by a phosphorothioate-modified, singlestranded overhang A defining feature of the hsiRNA constructs used in this study is the presence of a 5-nt singlestranded, phosphorothioate-modified (PS) overhang, which resembles the fully PS, singlestranded backbone of conventional antisense oligonucleotides (ASOs). Recent studies investigating ASO internalization by hepatocytes have established that the asialoglycoprotein receptor (ASGPR) contributes to the uptake of unconjugated PS ASOs 21, 22 . Therefore, one of the hepatocyte uptake pathways for DCA-hsiRNA may be a receptor-mediated process that requires a single-stranded, PS-modified overhang. To probe the structural requirements for hepatocyte uptake, we compared the asymmetric DCA-hsiRNA construct used throughout this study with a 20-nt blunt-ended DCA-conjugated hsiRNA. After analyzing the lipoprotein binding profiles of the asymmetric and blunt DCA-hsiRNAs, we observed no differences in lipoprotein binding character (Fig. 5d) . Similar to DCA-hsiRNA, blunt DCA-hsiRNA primarily associated with LDL (84.3%) and exhibited less affinity for HDL (11.1%) and VLDL (4.8%) (Fig. 5e) . This result provides further confirmation that lipoprotein association is mediated by the lipid conjugate and suggests that these compounds have comparable elimination half-lives in vivo. However, following a single, subcutaneous injection of Cy3-labeled blunt or asymmetric DCA-hsiRNA in wild-type mice (n = 2, 20 mg kg -1 ), we observed significantly less fluorescent signal in hepatocytes for blunt DCA-hsiRNA (Fig. 5f) . This suggests that the single-stranded PS overhang contributes significantly to hepatocyte uptake. To determine whether the presence of a single-stranded PS region is sufficient for unconjugated hsiRNA internalization, we compared the liver distribution pattern of blunt and asymmetric unconjugated hsiRNAs following administration to mice (n = 2, 20 mg.kg -1 ). Although liver exposure of unconjugated hsiRNAs is limited, due to its rapid elimination half-life, we still observed a significant increase in hepatocyte fluorescence of asymmetric compared to blunt hsiRNA (Fig. 5f, g) . To further validate our finding that single-stranded PS modifications enhance hepatocyte uptake, we synthesized triantennary GalNAc-conjugated blunt and asymmetric hsiRNAs. GalNAcconjugated siRNAs are specifically and rapidly internalized in hepatocytes through the ASGPR receptor. Here, we detected a marked increase in GalNAc-mediated hepatocyte internalization in the presence of a single-stranded PS tail ( Fig. 5f, g) . It is unclear whether this is due to an increased affinity for ASGPR or mediated by a separate receptor.
Discussion
We present the following model for the systemic distribution of lipid-conjugated, chemically-stabilized hsiRNA: After intravenous or subcutaneous administration, unconjugated hsiRNAs are rapidly filtered in the kidneys from the blood into the glomerular space, where they are reabsorbed (likely via scavenger receptors) by proximal tubule cells or excreted through the urine. This pharmacokinetic behavior has been observed for both blunt and asymmetric unconjugated siRNAs 23, 24 . The use of an advanced chemical modification pattern affords enhanced metabolic stability 8 , and despite their short residence time, unconjugated hsiRNAs achieve ~80% target mRNA silencing in the kidney, providing a therapeutic strategy for kidney indications 25 . Conversely, lipid-conjugated hsiRNAs spontaneously associate with circulating lipoproteins, which increases plasma half-life and promotes exposure to extrarenal tissues. The lipid transport pathway engaged by lipid-conjugated hsiRNAs may be determined a priori following measurement of lipid-siRNA hydrophobicity. More hydrophobic hsiRNAs preferentially bind LDL, while relatively less hydrophobic hsiRNAs associate more with HDL. LDL-associated hsiRNAs enter into the endogenous lipid transport pathway and are preferentially internalized in LDL receptor-enriched tissues, such as liver, lung, and intestine. HDL-associated hsiRNAs are transported via reverse cholesterol transport and exhibit enhanced uptake and efficacy in SR-BI-enriched tissues, such as adrenal gland and ovary. hsiRNA internalization in the liver appears to occur independently of lipoprotein endocytosis, as LDLassociated hsiRNA are efficiently internalized into the hepatocytes of LDLR-deficient animals. This internalization is likely mediated by the single-stranded PS overhang, in a mechanism similar to that of ASOs 21, 22 . Our theory is substantiated by the observation that hsiRNAs containing a PS tail are endocytosed by hepatocytes in vivo at significantly higher levels than blunt hsiRNAs, even when conjugated to a triantennary GalNAc ligand.
Extracellular lipoprotein trafficking of native small RNAs has been described by others [26] [27] [28] . For example, microRNAs (miRNA) are known to be packaged into HDL and functionally transported through the circulation to recipient cells [27] [28] [29] , and biophysical studies suggest that nucleic acid-lipoprotein binding is mediated by divalent cation bridging to phosphocholine head groups [30] [31] [32] [33] [34] . However, we did not observe in situ assembly of unconjugated hsiRNAs with lipoproteins in mouse serum, suggesting that an entropic driving force, such as a lipid anchor, is required for binding. This constraint, which we and others have described for oligonucleotide loading into purified exosomes (Biscans et al., manuscript in press) [35] [36] [37] , provides a rationale for why hydrophobicity drives hsiRNA partitioning into distinct lipid transport pathways. VLDL and LDL carry highly-nonpolar saturated triglycerides and unsaturated cholesteryl esters, respectively, while HDL carries cholesterol and unsaturated phospholipids (relatively more polar). Our findings suggest that hsiRNAs equilibrate with circulating lipoproteins based on the solubility of the lipid conjugate in the lipoprotein core. Our results are corroborated by the observation that even when highly-lipophilic Chol-siRNA conjugates are exogenously loaded into HDL, they rapidly redistribute into LDL in serum 6 . We were surprised that none of our lipid-conjugated hsiRNAs showed significant affinity for albumin in vivo, despite our demonstration of robust albumin binding in vitro. Several recent studies have postulated that lipid-conjugated oligonucleotides leverage plasma albumin as an endogenous carrier 7, 38 .
However, these studies used multivalent lipids, which may be better suited to access the multiple buried fatty acid binding sites in albumin.
Prior studies have established that cholesterol-conjugated siRNAs have 8-to 15-fold higher activity when pre-complexed into purified HDL than when injected alone, leading to a surge in the exploration of biomimetic lipoprotein nanoparticles as siRNA delivery vehicles [39] [40] [41] [42] [43] [44] . One caveat to those reports is the use of unmodified or partially 2'-substituted siRNA scaffolds, which are inherently unstable in serum 45, 46 . Our study demonstrates that using chemicallystabilized hsiRNAs removes the necessity for exogenous formulation to achieve potent mRNA silencing. A major advantage to using an siRNA delivery program that harnesses endogenous lipoproteins is the ease of oligonucleotide bioconjugation and biocompatibility. It also circumvents the typical challenges associated with using synthetic nanoparticles, including low loading efficiency, complex surface-modification processes, and systemic toxicity 47 . Although isolated and purified exosomes and HDL hold promise as non-immunogenic oligonucleotide carriers, they also face the dual challenges of low isolation and loading yields 48 . Finally, an important advantage of lipid-conjugation is that its impact on biodistribution is sequenceindependent. Thus, this strategy should behave analogously for the delivery of other small RNA cargo, including miRNA replacements, antagomirs, or CRISPR components. Although lipid conjugation as a delivery platform has many strengths, it also has limitations, chief among them being difficulty in achieving cell type-specific delivery. This concern is being addressed in various forums, including the redirection of endogenous HDL and its therapeutic cargo via modification of surface apolipoprotein residues 49 .
Our findings suggest a revision of canonical design parameters for conjugated siRNAs. First, and of key importance, is an siRNA scaffold that contains substantial 2'-ribose and backbone modifications to improve nuclease stability 8 . Second, lipoprotein association will likely govern the systemic distribution of oligonucleotide conjugates (e.g. retinol or αtocopherol) that are otherwise intended to be cell-or tissue-targeting 20 .
